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Whether position and orientation shifts induced by monocular context also act as a disparity for purposes
of stereoscopy was investigated experimentally in order to examine the extent to which lateral spatial
localization and stereoscopic depth share circuitry. A monocular tilt illusion in a line does not lead to a
commensurate depth tilt of that line in binocular view, nor does a position shift in a bisection task caused
by a gap within monocular dynamic random noise produce the commensurate depth displacement. Inter-
ocular transfer of monocularly-induced shifts, which might explain such ﬁndings, was eliminated as a
factor. The results can therefore be interpreted as indicators of channeling and ordering of spatial signals
paths in the visual cortex and imply that two-dimensional contextual interactions operate at a processing
level beyond where disparity has already been extracted.
 2011 Elsevier Ltd. All rights reserved.1. Introduction
In 1922, Lau raised the question: Suppose a tilt is induced in a
target line by cross-hatches in the manner of the Zöllner illusion
and this is done in only one eye and not in the line’s binocular
counterpart in the other eye (Lau, 1922). Will the resulting binoc-
ular stimulation appear with a depth tilt, i.e., does an orientation
shift induced by a monocular context manifest itself as a disparity
in binocular vision? Lau could not arrive at a clear answer, and the
proposition has only occasionally been explored since.
The high precision of orientation and position of seen contours
arises from the operation of specialized cortical circuitry which
may also be the site of contextual interactions such as the apparent
orientation shift induced by temporally or spatially adjoining con-
tours. Processing for stereoscopic depth shows similar properties
and one wonders, since both are carried in the ﬁrst instance by ret-
inal location signals, what circuit elements might be shared. For
example, is the position or orientation attributed to a given line
stimulus the same when used in judging its two-dimensional dis-
position with respect to another line as it is when judging relative
stereoscopic depth? This proposition, raised by Lau and occasion-
ally explored since (Westheimer, 1986a), is here re-examined
and answered for two speciﬁc conditions: when there is no transfer
between eyes, the stereoscopic depth of a line is not that predicted
from the induced position or orientation shift in its uniocular
components.ll rights reserved.2. Methods
In psychophysical experiments in normal observers the effect of
contextual interaction on the apparent orientation and position of
simple line targets under monocular and dichoptic viewing condi-
tions was measured and compared with the depth in its binocular
view.
Changes in two kinds of conﬁgurations were investigated. One
was based on the demonstration by Kapadia et al. of a pronounced
shift in the seen position of a line when superimposed on the edge
of a peripheral ‘‘artiﬁcal scotoma’’ within a background of dynamic
random-dot noise (Kapadia, Gilbert, & Westheimer, 1994). Fig. 1,
top, shows the observer’s view of such a display. It consists of a
ﬁeld of dynamic random dots, 4% coverage, refreshed at 30 Hz, a
square portion of which could be blocked out for speciﬁc durations,
the ‘‘scotoma.’’ A line triad, whose timing was separately con-
trolled, could be superimposed, one outer line in the center of
the scotoma, the middle one near the edge and the other outer
one within the random-dot noise. The major difference between
the current experiment and the one reported by Kapadia et al. is
that in a dichoptic arrangements, it was possible to control to
which eye (right, left or both) the stimulus components (ran-
dom-dot noise, the scotoma and the line triad) was shown and in
what combination. By mirror reversing the displacement of the
middle line in the two eyes, the observation became of one of ste-
reoscopic depth rather than lateral shift. The patterns for the right
and left eyes were displayed on the monitor side-by-side. Some
observers were able to achieve binocular superposition by free fu-
sion, others had the aid of a mirror stereoscope. In runs of 150 trials
in which the middle line was shown at random in a range of lateral
Fig. 1. Target conﬁgurations used in the experiments. Top: Dynamic random-dot
noise ﬁeld, 4  6, in which a 2 square was blanked out, the scotoma. Fixation point
near the middle of upper border. Observer’s task was to judge the direction of the
bisection error of the middle of the line triad. Random-dot noise, scotoma and triad
could be presented to right, left or both eyes. Random-dot noise was shown
continuously, scotoma and/or line triad for 250 ms. Bottom: Observers judged the
direction of the tilt from the vertical of the 1 center test line that was induced by a
simultaneously presented 2 high, 20 oblique inducer. Foveal ﬁxation was assured
by presence of the brackets in intertrial periods. The tilt illusion was measured by
the difference in the means orientation of the test line for clockwise and for the
counterclockwise inducers in series of randomly interdigitated trials. Contextual
lines could be shown in either right or left eye, test lines in either right, left or, for
stereoscopic measurements, both eyes.
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ment of whether it appeared closer to the right or left member of
the line triad. The line’s mean location for apparent exact bisection
of the triad as seen with one eye was determined under several
conditions: with and without a scotoma in the dynamic random-
dot noise, and with the same and also with the other eye. For ste-
reoscopic judgments the random-dot noise scotoma was shown
monocularly and the line triad binocularly. The dynamic random-
dot noise was shown continuously; the scotoma and test lines
for 250 ms during the trials which occurred every 3 s. A ﬁxation
point along the upper edge of the frame containing the random
dots was continuously visible to ensure that the display was pre-
sented to the desired peripheral location.
The other experiment was adapted from one of Lau’s original
demonstrations and involved the tilt illusion or, more precisely,
simultaneous orientation contrast. It was implemented in the
manner shown in Fig.1, bottom, and measured the actualorientation of a 1 ‘‘test’’ line for it to appear vertical when accom-
panied by a 2 ‘‘inducing’’ line, inclined at 20 from the vertical.
Foveal viewing was ensured by the continued presence of a
ﬁxation bracket. The procedure for measuring the induced orienta-
tion shift was similar to one used earlier (Westheimer, 1990). The
test line was presented for 400 ms (800 ms in the stereo condi-
tions) during each 3-s trial randomly in one of seven orientations,
0, 1, 2 or 3 either clockwise or counterclockwise with respect to
the vertical, and the observer made a binary response without
feedback of the direction of the apparent tilt. In runs of 300 trials,
the test line was seen with the inducing line inclined either clock-
wise or counterclockwise, at random, during each trial. Data were
analyzed separately for these two conditions. The difference
between the mean orientations at which the test line appeared
vertical with inducing lines of clockwise and of counterclockwise
inclination provided a bias-free estimate of the induced orientation
shift of the line. Again, panels intended for the right and left eyes
were shown side-by-side on the monitor and dichoptic viewing
enabled by free fusion or, as needed, by a mirror stereoscope.
The test and inducing lines together or separately could be shown
in various monocular, dichoptic and binocular combinations. By
mirror reversing the test line tilt for one of the two eyes, its stereo-
scopic depth tilt out of the apparent frontal plane (‘‘top towards or
away from observer?’’) was tested.
Stimuli were shown on display monitors at an observation dis-
tance of 57 cm (random dot experiments) or 89 cm (tilt effects) un-
der computer control in a semi-dark room. Lines where white
(40 cd/m2) against a dark background (1 cd/m2) and smooth,
generated with an anti-aliasing protocol. The display was con-
tained in a rectangle, 4 wide and 6 high (3  4 for the tilt effect),
outlined by white lines on a dark monitor screen. Arrangements for
monocular, dichoptic and binocular viewing and for ﬁxation were
provided as described in each experiment. The optometric status
of the observers, which included the author and several undergrad-
uate biology students naïve as to the immediate question of the
research but who understood and consented to the general aims,
was unremarkable. The protocol conformed to the Declaration of
Helsinki and was approved by the Committee for the Protection
of Human Subjects of the University of California, Berkeley. Results
shown are averages for each observer of several runs for each
condition obtained on different days.3. Results
3.1. Monocularly-induced position shift does not act as a disparity
To begin with and as a control, the location of the center line of
3-line triad in the near periphery was determined at which it was
seen accurately to bisect the distance between the outer lines with
and without the presence of the artiﬁcial scotoma in a dynamic
random dot ﬁeld. It was done separately in each eye, the other
remaining open but unstimulated. This showed the scotoma-
induced displacement with substantially the same values as those
found by Kapadia et al. (Fig. 2, ‘‘scotoma ipsilateral’’). The next step
was to determine whether the random-dot scotoma in one eye
affects the bisection performed with the other eye, i.e., whether
there is interocular transfer. These contralateral measurements
revealed only a small fraction of the ipsilateral effect (Fig. 2,
‘‘scotoma contralateral’’). Finally measurements were undertaking
where the random-dot scotoma was shown in only one eye and the
line triad in both eyes but with the middle line displaced in
opposite directions in the two eyes, i.e. with binocular disparity.
The observer judged whether the middle of the three lines
appeared in front or behind the two outer ones. If the monocular
scotoma-induced position shift – demonstrated to be conﬁned
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Fig. 2. Shift in the apparent position of the bisector of a monocular line triad (see Fig. 1 top) in the presence of a dynamic random-dot scotoma in the same eye (ipsilateral)
when there is a strong shift towards the center of the scotoma, and in the other eye (contralateral) when there is essentially no shift, i.e., no interocular transfer. The
monocular shift might be expected to act as a disparity in the depth judgment of a binocular line triad (stereo expected) but on the average there was no measured
stereoscopic depth displacement (stereo measured). A–C, individual observers’ data, and also their average.
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reoscopic vision, one would ﬁnd that the three lines when equally
separated in the physical stimulus space would not appear copla-
nar, i.e., there would be a stereoscopic offset equal to the difference
between the shifts induced by the monocular random-dot scotoma
in the two eyes (Fig. 2, ‘‘stereo expected’’). When compared
with the measured values of the stereoscopic offset (the nulling
disparity that has to be introduced to retain coplanarity in the line
triad when there is a uniocular random-dot scotoma) this is
obviously not the case (Fig. 2, ‘‘stereo measured’’). This result
was here distinguished from such an absence due to complete
interocular transfer, when the line would have been seen shifted
in the same direction and amount in both eyes and no disparity
expected either.3.2. Monocularly-induced orientation shift does not act as a disparity
A similar protocol of measurements and controls was followed
with a contextual pattern that induced an apparent tilt in a foveal
test line. First, the simultaneous orientation contrast was deter-
mined separately for a monocular test line in each eye, with the
contextual inducing line in either the same or the other eye. This
enabled the measurement of the tilt-inducing effect in both its
ipsilateral (Fig. 3, ‘‘tilt inducer ipsilateral’’) and contralateral, i.e. in-
tra-ocular transfer,manifestation (Fig. 3 ‘‘tilt inducer contralateral’’).
The net expected stereoscopic slant of the line could now be cal-
culated: for a given monocular inducing pattern the orientationdisparity would be the algebraic addition of the tilts induced on
the test line in the same eye and that in the other (Fig. 3, ‘‘stereo
slant expected’’). Measurement with a monocular inducing line
(Fig. 3, ‘‘stereo slant measured’’), showed that it is not commensu-
rate with the value arrived on the premise that the separately mea-
sured monocularly-induced orientation shifts become disparity in
stereoscopic vision; the direction was often quite prominently in
the opposite of that predicted and the average across all observa-
tions is zero. Overall the conclusion is warranted that the stereo-
scopic depth tilt does not have its origin in the line tilt induced
in the two eyes by monocular simultaneous orientation contrast.4. Discussion
The evidence here presented of different spatial processing in the
third dimension from that in simpler one- and two-dimensional
tasks raises the question why Lau failed to demonstrate it unequiv-
ocally. His observers gave conﬂicting results. Stereoscopy needs a
binocularly paired test pattern whereas the inducing stimulus in
the experiment is monocular. The results depend crucially on
whether the inducing contour seen with only one eye exercises its
contextual inﬂuence equally in the two eyes or only in the ipsilateral
and not the paired contralateral one. Tests for interocular transfer,
an area in which some care is needed because of prominent
quantitative, even qualitative, differences between patterns and
observers, is a mandatory pre-condition in these experiments and
were unfortunately not performed by Lau. An abstract of a more
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Fig. 3. Tilt induced in a monocular test line in the presence of oblique contextual element (Fig. 1 bottom) shown to the same (tilt induction ipsilateral) or the other eye (tilt
induction contraleral). Also shown are the expected values if the monocular ipsilateral and contralateral orientation displacements when paired to act as an orientation
disparity, as well as the actual measured stereo slant. A–E, individual observers’ data, and also the average.
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ﬁndings consonant with those reported here, but also did not
explicitly state whether the intra-ocular transfer control, essential
to making the case for path separation, was performed.
Interocular transfer of the tilt effect has been previously inves-
tigated (Virsu & Taskinen, 1975; Wade, 1980; Westheimer, 1990;
Wolfe & Held, 1981), in particular in connection with monoculardeprivation, amblyopia, strabismus and stereoblindness (Mitchell
& Ware, 1974; Movshon, Chambers, & Blakemore, 1972). In itself
it is independent of the question whether orientation disparity is
actually embodied in neurons in the visual cortex (Blakemore,
Fiorentini, & Maffei, 1972; Bridge & Cumming, 2001). A common
underlying mechanism is usually assumed, essentially indepen-
dent of the experimental mode of analysis, whether it be the tilt
1062 G. Westheimer / Vision Research 51 (2011) 1058–1063illusion, tilt after-effect, tilt adaptation, or the one employed here,
simultaneous orientation contrast. The latter has the advantage
that, because test and inducing conﬁgurations are presented brieﬂy
and synchronously, there are no long-term consequences so that
clockwise and counterclockwise inducing patterns can be shown
randomly interspersed in single runs of trials. The inducing effect
was here identiﬁed not in absolute terms but as the difference be-
tween two oppositely-directed contextual patterns within the
same runs, thus eliminating bias in what the observer calls vertical.
If the quest for a unitary view of a processing hierarchy is in-
deed realistic, reconciliation of conﬂicting claims in the literature
is needed. Many interacting stimulus attributes are involved when
differentially addressing the spatial processing in both two and
three dimensions, and the results may depend on the way they
are combined in a particular experiment. For example, Glennerster
and Rogers report depth when viewing oppositely-directed
Müller–Lyer patterns dichoptically (Glennerster & Rogers, 1993),
suggesting that the length differences in the two eyes’ perceived
images are present prior to the extraction of the stereoscopic
signal. Yet in that kind of display, the retinal rivalry caused by
dichoptically superimposing both components of the Müller–Lyer
pattern may play a role, as also the lack of coincidence of optical
and neural centroids for line-ends with ingoing and outgoing ﬁns,
often expressed as differences in low spatial frequency compo-
nents (Howard & Rogers, 1995). Thus each experiment in this area
needs detailed parsing before a consensus on the singularity of ste-
reoscopic processing can be reached.
In the experiments reported here, control was maintained
through which eye the various stimulus components enter the sen-
sorium, while at the same time presenting monocular contextual
patterns that induced deﬁned and measurable changes on the po-
sition or orientation attributes of a test line. For both experimental
situations used in this study, the random-dot scotoma-induced
positional shift and the inclined-line induced orientation tilt, the
evidence points to interaction within conﬁned retinotopic repre-
sentation in the primary cortex.
Many spatial thresholds, such as alignment or separation acuity
for a pair of lines in the human fovea, are a few seconds of arc,
much ﬁner than the grain of the neural elements involved in the
retina or the cortex. The same applies to stereoscopic vision. The
close similarity between the ability to reﬁne spatial values in
two-dimensional (localization hyperacuity such as vernier) and
three-dimensional (stereoacuity) tasks invites inquiry of how
much the involved circuitry has in common. Fundamental distinc-
tions between them have been consistently demonstrated. Most
telling is the observations that some target differences in two-
dimensional location in the ﬁxation plane cannot be detected
when binocular disparities of the same magnitude easily can
(Berry, 1948; Westheimer & McKee, 1979). This is the case also
for orientation detection and disparity slant (Heeley, Scott-Brown,
Reid, & Maitland, 2003). Moreover, the two classes of visual
discrimination differ in such domains as temporal properties
(Westheimer & Pettet, 1990), perceptual learning (Fendick &
Westheimer, 1983) and spatial summation and interaction
(Westheimer, 1986a, 1986b).
These considerations enter into a discussion of how well the
known circuit properties of the visual cortex match the behavioral
capabilities of the whole observer. Ocular dominance was ﬁrst doc-
umented in the cat visual cortex, but the existence of separate
monocular representations in Layer IVC of the primate primary vi-
sual cortex makes questions of the site of conﬂuence of right- and
left-eyed input more intricate. Pathway tracing in the primate
cortex has yet to deal with the intracortical distribution of axons
carrying monocular information and the nature of their conﬂuence
on orientation-selective and disparity-selective neurons (Horton,
2006). Convincing evidence for disparity selectivity of singleneurons in area 17 of the cat (Barlow, Blakemore, & Pettigrew,
1967; Nikara, Bishop, & Pettigrew, 1968) and in V1 of the primate
(Poggio& Fischer, 1977) has often led to the suggestion that, in addi-
tion to coding for position and orientation of contours, this is also
the ensemble from which stereo signals are extracted. In other
words, so the suggestion goes, a single ensemble conjointly houses
(apart from contour orientation) the three dimensions of visual
space, with a distribution of ocular dominance from purely monoc-
ular to fully binocular (Prince, Pointon, Cumming, & Parker, 2002). If
it were a unitary ensemble and the position and orientation shifts
had alreadybeen in effectwithin itsmonocular input, then the shifts
should also show up as a disparity. That this is not the case would
have to be interpreted as implying that they take place at a subse-
quent stage, when the disparity has already been extracted.
This gives credence to the alternate interpretation that the
ensemble in question is not unitary in the sense that, in spite of
receptive ﬁeld disparities, it does not actually involve stereoscopy,
which would then have its own representation emerging sepa-
rately elsewhere, presumably in V2. A strong argument against a
role in stereo vision of disparity-selective neurons in area 17 of
the cat (Joshua & Bishop, 1970) and area V1 of the primate is that
they are widely reported to be activated by stimuli through either
eye alone (Cumming & DeAngelis, 2001; Prince et al., 2002),
whereas a stereoscopic experience never arises from purely
monocular viewing (Wilcox, Harris, & McKee, 2007). Area V2, on
the other hand, is the site of disparity-selective neurons deﬁned
as ‘‘failing to respond to either eye alone, (Hubel & Livingstone,
1987)’’ and characterized as ‘‘binocular depth cells (Hubel & Wie-
sel, 1970),’’ ‘‘obligate binocular (Kennedy, Martin, & Whitteridge,
1983)’’ or ‘‘obligatory binocular (Ts’o, Roe, & Gilbert, 2001).’’ In
examining this issue, Hubel and Wiesel noted that in the monkey
cells with positional disparity are rare in area 17 but rather
common in area 18 and proposed that their need in stereopsis
‘‘probably requires keeping aside monocular cells in area 17 which
can later be combined, producing a complete range of ﬁeld dispar-
ities (Hubel & Wiesel, 1977).’’ Moreover, as distinct from V1 cells,
these V2 cells exhibit interactions in the disparity domain (Bakin,
Nakayama, & Gilbert, 2000). The current experiments favor the
view that stereo signals arise from such a cell population, whose
obligate binocular nature and disparity speciﬁcity would be de-
rived through highly synchronous monocular input from deﬁned
spatial locations, a point strengthened by the serious impairment
of stereo performance for interocular asynchronies of as little as
50 ms (Wist & Gogel, 1966). However, with a secure synaptic
gating to prevent activation by signals of purely monocular origin,
the possibility cannot yet be ruled out that disparity selectivity in
V2 is inherited from suitable binocular V1 cells.
The failure of the monocularly induced line-orientation and
line-position changes used in the current study to act as disparity
changes in stereoscopy, therefore readily ﬁts into an accepted body
of knowledge placing two-dimensional localization and disparity-
based depth localization into separate categories of visual process-
ing. However, a dilemma persists in connection with a possible
division along the magno/parvo cellular lines. Livingston and
Hubel, based on luminance and color criteria, placed stereo into
the magno stream (Livingstone & Hubel, 1987) (see however
Li & Guo, 1995), yet in a direct confrontation of two-dimensional
and stereo tasks with essentially identical pattern elements
(Westheimer & Pettet, 1990), stereo threshold were much less
robust to contrast and duration diminution than vernier threshold,
implying the opposite conclusion.
Such phenomena as Panum’s limiting case, where a uniocular
visual element can associate itself with the contralateral compo-
nent of a nearby binocular stimulus (Westheimer, 1986a), and an
observer’s ability to detect the correct depth value of uniocular
stimuli with disparities of many degrees (Westheimer & Tanzman,
G. Westheimer / Vision Research 51 (2011) 1058–1063 10631956), help ﬁrm the view that ﬁbers from monocular cells, retain-
ing information of eye of origin, extend beyond V1 and participate
further along in depth processing (Wilcox et al., 2007), remaining
independent of the apparatus which elaborates stimulus position
and orientation attributes.References
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